Purpose Corneal central thickness (CCT) is an important risk factor for glaucoma, which also influences intraocular pressure (IOP) measurements. Recently, all community optometrists in Scotland were provided with pachymeters. This study examined the accuracy of CCT measured by community optometrists compared to measurements in the glaucoma clinic. Methods A retrospective analysis of consecutive patients referred to the glaucoma clinic at a university hospital between June and November 2016. 142 of 715 (19.9%) patients had CCT measurements included in the referral, all of whom had repeat measurements in the glaucoma clinic. CCT was measured using the PachPen (Accutome Inc) which generates a CCT reading by automatically taking the average of up to 9 measurements. Measurements were compared using Bland-Altman analysis. Results CCT measured by community optometrists was slightly thicker than CCT in the glaucoma clinic (558.3 ± 41.5 vs. 552.6 ± 58.8 µm, P < 0.001), however the mean difference was only 13.8 ± 18.0 µm. In 223 of 284 eyes (78.5%), CCT measurements taken by community optometrists were within 20 µm of those obtained in the glaucoma clinic. 61 of 284 (21.5%) differed by >20 µm, 40 (14.1%) by >30 µm and 17 (6.0%) by >50 µm. There was no significant relationship between difference in CCT and IOP (−0.02, 95% CI −0.05 to 0.002, P = 0.077), gender (0.00, 95%CI −0.01 to 0.01, P = 0.805), or age (−0.01, 95% CI −0.08 to 0.06, P = 0.791). Conclusions There was good overall agreement between CCT measured by community optometrists and measurements obtained in the glaucoma clinic. The tendency for thicker CCT measurements by community optometrists may be due to more peripheral or non-perpendicular positioning of the pachymeter relative to the cornea.
Introduction
Glaucoma is the second most common cause of blind and partial sight certification in the United Kingdom [1] . It accounts for up to 20% of referrals to hospital eye services and, with an ageing population, its prevalence is likely to increase. Central corneal thickness (CCT) is an important risk factor for glaucoma which can also confound intraocular pressure (IOP) measurements [2] . Therefore, assessment of CCT is an essential component of the examination of patients with ocular hypertension (OHT) or suspected glaucoma [3] .
Despite the importance of CCT, until recently, few community optometrists have had access to a pachymeter , with a survey [4] in 2008 showing only 7% had the instrument in their practices. In 2015, The Scottish Intercollegiate Guidelines Network (SIGN), published guidelines on referral of patients with glaucoma [5] . The guidelines state that "CCT should be measured in patients with OHT or suspected glaucoma and reported alongside IOP when referring to secondary-eye-care services". The aim was to aid referral refinement and improve risk profiling in the community, reducing unnecessary referral to hospital services of those at low risk.
To enable implementation of the guideline, in March 2016, NHS Education for Scotland provided every community optometric practice in Scotland with a pachymeter and offered training in use of the device [6] . As far as we are aware, Scotland is the first country to have adopted this strategy, but no previous studies have investigated agreement between measurements of CCT taken by optometrists in primary care and measurements obtained in glaucoma clinics. The aim of this study was to examine this agreement as, although measurement of CCT is usefully straightforward, inaccuracies could lead to errors in risk stratification and failure to refer an at-risk patient for consultation with a glaucoma specialist.
Methods
This was a retrospective review of consecutive new patients referred from community optometrists to the glaucoma clinic at Princess Alexandra Eye Pavilion, NHS Lothian, Edinburgh, UK between June 2016 and November 2016. The study methods were approved by the Princess Alexandra Eye Pavilion quality improvement committee and all methods adhered to the tenets of the Declaration of Helsinki. The number of participating optometrists was not known, but all referrals were received from a cohort of 114 optometry practices registered with NHS Lothian, the Scottish Health Board. 769 consecutive new referrals with OHT, suspected glaucoma or glaucoma were identified from the electronic patient administration system. Of these, 54 were excluded: 21 due to a missing referral letter or missing data from the hospital visit and 33 due to failure of the patient to attend their hospital appointment, leaving 715 subjects
Optometrists completed a standard referral letter which requested information including visual acuity, refraction, IOP, optic disc findings, reason for referral, and CCT. CCT was recorded for 142 subjects (19.9%). The type of pachymeter was not recorded on the referral letter, however, as optometrists had been provided with a standard ultrasound pachymeter (USP), the PachPen (Accutome Inc), and as pachymetry was seldom performed prior to distribution of this device, it is likely that the PachPen was used for most patients. IOP was measured by community optometrists using applanation tonometry in 252 (88.7%) subjects and non-applanation tonometry in 28 (9.9%) subjects. In 4 (1.4%) subjects, the tonometry device was not specified.
The hospital records were reviewed for all 142 subjects and data regarding CCT measurements from the hospital visit was extracted. CCT was measured in the glaucoma clinic by a trained technician also using the PachPen pachymeter. CCT was measured after instillation of a drop of local anaesthetic (Oxybuprocaine hydrochloride 0.4%, Bausch & Lomb Minims, Surrey). The PachPen generates a CCT reading by automatically taking the average of up to 9 measurements. The PachPen is also equipped with digital signal analysis software designed to eliminate nonperpendicular measurements. All subjects also received a comprehensive eye examination in the glaucoma clinic. Tests included slit lamp biomicroscopy, gonioscopy, optic disc and fundus examination and automated visual field testing (SITA fast or SITA standard 24-2 strategy using the Humphrey Field Analyzer, Carl Zeiss Meditec). Patients found to have corneal disease at their hospital visit were excluded. IOP was measured at the glaucoma clinic visit using Goldmann applanation tonometry for all subjects.
Statistical analysis
Descriptive statistics included mean and standard deviation for normally distributed variables, using the t-test used for group comparison for continuous variables and Fisher-exact test for comparison of categorical variables. The difference between CCT measurements was calculated using absolute values and Bland-Altman plots were used to evaluate agreement between CCT measurements obtained by community optometrists and CCT measurements in the glaucoma clinic. All tests were two-sided and a P-value <0.05 was considered statistically significant. All analyses were performed using Stata Version 13.0 (Stata Corp, College Station, TX).
Results
Included subjects had an average age of 67.4 ± 13.4 years. 81 of 142 (57.0%) were female. Clinical and demographic characteristics shown in Table 1 . CCT measured by community optometrists was on average slightly thicker than CCT measured in the glaucoma clinic (558.3 ± 41.5 µm vs. 552.6 ± 58.8, P < 0.001) but the average difference was only 13.8 ± 18.0 µm. Figure 1 shows the distribution of differences in CCT. In 223 of 284 eyes (78.5%), CCT measurements taken by community optometrists were within 20 µm of those obtained in the glaucoma clinic. 61 of 284 (21.5%) measurements differed by >20 µm, 40 (14.1%) by >30 µm, 26 (9.2%) by >40 µm and 17 (6.0%), by >50 µm.
There was a strong relationship between CCT measurements obtained by community optometrists and those from Fig. 2 . Regression of difference between hospital and community optometrist measured CCT and average CCT showed evidence of proportional bias with a greater difference with increasing average CCT (coefficient = 0.14, 95% CI 0.09-0.190, P < 0.001). Accounting for proportional bias, the mean difference in CCT measurements was 35.95 + (−0.07×average CCT), with 95% limits of agreement of ±2.46×(− 63.72 + 0.14×average CCT). Therefore, for a patient with an average CCT measurement of 500 µm, the expected difference in CCT between community optometrists and the glaucoma clinic was only 0.95 µm (35.95 + (−0.07×500)), compared to a difference of 6.05 µm (35.95 + (−0.07×600)) for patients with an average CCT of 600 µm. Regression analyses showed no relationship between the difference in CCT measurements and IOP (−0.02, 95% CI −0.05 to 0.002, P = 0.077), gender (0.00, 95% CI −0.01 to 0.01, P = 0.805), or age (−0.01, 95% CI −0.08 to 0.06, P = 0.791).
The relationship between IOP measurements by community optometrists and those taken in the glaucoma clinic was also examined (Fig. 3) . The mean difference in IOP measurements between visits was 0.75 ± 0.09 mmHg with 95% limits of agreement of ±2.46 mmHg[LH1] (0.47 + 0.11×average IOP). There was a significant but weak relationship between thicker CCT and higher IOP (based on hospital measurements: R 2 = 0.053, P < 0.001). Each 10 µm thicker CCT was associated with 0.28 mmHg higher IOP (95% CI 0.14-0.42 mmHg, P < 0.001). The relationship between community optometry measures of CCT and IOP was stronger (R 2 = 0.123, P < 0.001), with each 10 µm thicker CCT associated with 0.46 mmHg higher IOP (95% CI 0.03-0.06, P < 0.001).
As two eyes of a subject are likely to show correlation, we repeated the analysis using only the right eye of each individual. CCT measured by community optometrists remained significantly thicker (558.6 ± 3.5 vs. 552.9 ± 3.2 µm, P = 0.003) for a difference of 14.2 ± 18.9 µm. Bland-Altman analysis for right eyes alone, showed a mean difference accounting for proportional bias of 52.19 ± 0.10×average CCT and 95% limits of agreement of ±2.46×(−83.19 + 0.18×average CCT).
Discussion
The results of this study indicate good overall agreement between CCT measurements obtained by community optometrists and those measured in the glaucoma clinic. On average, CCT measured by optometrists was slightly thicker than that measured in the glaucoma clinic, yet the average difference was only 13.8 ± 18.0 µm. Such a small average difference may be of negligible clinical significance. However, treatment guidelines-such as those from NICEclassify eyes as having thin, medium or thick corneas ("less than 555 micrometres", "555-590 micrometres" and "more than 590 micrometres") and, therefore, even small differences in CCT may result in a patient falling on a different side of a cut-off value for risk stratification. As an eye with a CCT of 554 µm is unlikely to be at significantly greater risk than an eye with a CCT of 556 µm, it may be better to develop risk prediction tools that allow input of continuous variables.
Despite the overall minimal difference in average CCT, we found a small number of patients with a large difference in CCT measurements at the two visits, with almost 10% of patients having CCT measurements differing by >40 µm. In most of these cases (77%, 20 of 26), the community optometrist CCT measurement was greater than the hospital CCT measurement. The tendency for CCT measurements by community optometrists to be thicker than measurements in the glaucoma clinic may be due to differences in measurement technique. The centre of the cornea is its thinnest part [7] and therefore CCT measurements taken 'off-axis', in the more peripheral cornea, will result in thicker measurements, as will measurements taken with the pachymeter held at an angle other than directly perpendicular to the corneal surface. It follows that the thinner measurement may then be more likely to represent the true CCT and therefore be the more accurate measurement. Although modern pachymeter digital signal analysis is designed to eliminate non-perpendicular measurements [8] , they may not be eliminated entirely. Guidelines [5] for optometrists currently recommend taking "repeat measurements on a single occasion" and documenting "a final reading based on an average of measurements". Yet, using an average of CCT measurements has the possibility of including thicker, off-axis measurements. We would suggest, instead, taking several readings from each eye and using the thinnest measurement may better reflect the true CCT.
Previous studies have shown good intra-and interobserver reproducibility of pachymetry, when employed by well-trained examiners [9] [10] [11] [12] [13] . Gunvant et al [14] found a measurement variation of less than 0.2% in a study in which CCT measurements were taken by two skilled observers of 42 eyes within 5-minute intervals of one another. In a study by Miglior et al. [15] , measurements of 51 eyes were taken by 3 well-trained individuals within 3-4 min of each other in order to exclude any possible influence of diurnal variation on CCT. Variations of ⩾±15 μm between two repeated measurements occurred in 11.3% of test-retest intraobserver evaluations and in 22% of test-retest interobserver evaluations, demonstrating that even when the same operator performs the CCT examinations, care should be taken in interpretation of the readings. By comparison, we found 28.2% (80 of 284) measurements differed by ⩾ ± 15 μm, slightly higher than that reported by Miglior et al.
It is important to acknowledge that the current study has several limitations. We did not examine the repeatability of CCT measurements in either the community or hospital setting and as there was no gold standard CCT measurement, it is not possible to determine which measurements were most accurate. An improved methodology would have been to repeat CCT measurements a further time in the glaucoma clinic to allow comparison between repeat hospital measurements and optometrist compared to hospital measurements. In addition, we were not able to determine exactly how many CCT measurements were obtained for each patient in the community and whether the same methodology of averaging up to 9 measurements was followed by community optometrists as in the glaucoma clinic. However, we did not wish to introduce performance bias by informing optometrists we were auditing their CCT measurements and one might expect that the optometrists also followed the manufacturers recommendations. It is also important to acknowledge that the study was conducted shortly after introduction of pachymeters in community optometry and it is possible that agreement may now be better as optometrists develop more experience with pachymetry.
It is also conceivable that the differences in CCT noted may have been due to genuine changes in CCT rather than measurement error. For example, numerous cross-sectional studies have suggested CCT decreases with age [16] [17] [18] [19] [20] [21] [22] [23] . and changes in corneal hydration might affect measurements. Corneal thickness has also been reported to exhibit diurnal variation [24] , with higher thicknesses in the morning due to corneal metabolic change and swelling during sleep [25] [26] [27] . Topical glaucoma medication may also affect readings, with timolol reported to increase CCT [28] and latanoprost to decrease it 39 . However, as the patients included in this study were all new referrals, none were using anti-glaucoma medication [29] . Long term contact lens wear may also decrease CCT [30, 31] and corneal surface irregularity from dry eyes may cause erroneous readings. We did not exclude contact lens wearers, which may have influenced the variation in measurements. Furthermore, we did not analyse correlation between the time of day and CCT measurements. With these omissions, it is then interesting to consider that, in a review and metaanalysis, Doughty et al [32] discusses that diurnal effects, contact lens wear and pharmaceutical use generally produce CCT changes well within the "expected variance" (a coefficient of variation that averaged 5.8% to the included study mean CCT value of 536 μm) and so may be considered clinically insignificant.
Overall, despite these limitations, the results of this study show good agreement between community optometrist and hospital measurement of CCT, indicating that pachymetry can be accurately performed in the community to aid risk profiling of those with OHT and suspected glaucoma. We would suggest the most precise measurement of true CCT is likely to be obtained by taking the thinnest, rather than the average, of multiple measurements.
Summary
What was known before 1. Central corneal thickness (CCT) is an important risk factor for glaucoma. 2. CCT also influences intraocular pressure (IOP) measurements. 3. Accurate CCT measurements on referral letters to secondary care can improve triage and onward management of ocular hypertension and glaucoma patients. 4 . Optometrists in Scotland are becoming more familiar with pachymetry.
What this study adds
1.
No previous studies have investigated agreement between measurements of CCT taken by optometrists in primary care and measurements obtained in glaucoma clinics. 2. Our study aimed to examine this agreement as, although measurement of CCT is usefully straightforward, inaccuracies could lead to errors in risk stratification and failure to refer an at-risk patient for consultation with a glaucoma specialist. 3. Our study showed an excellent agreement between CCT measured by community optometrists and measurements obtained in the glaucoma clinic. 4. We make suggestions for pachymetry technique to aid accuracy in referrals and improve patient riskprofiling.
